Nicotine improves cognitive functions by modulating neuroplasticity and cortical excitability in nonsmoking subjects. As shown recently, the positive effect of nicotine on cognition might at least partially be caused by a focusing effect of nicotine on neuroplasticity in these subjects. Concordant to this, smokers under nicotine withdrawal show reduced cognitive abilities, which are at least partially restituted by nicotine consumption. We aimed to explore the neurophysiological foundation of these effects by exploring nonfocal and focal plasticity-inducing protocols in human smokers under nicotine withdrawal and exposition. Focal, synapse-specific plasticity was induced by paired associative stimulation (PAS), while nonfocal plasticity was induced by transcranial direct current stimulation (tDCS). Each subject (12) received placebo and nicotine patches combined with one of the stimulation protocols to the primary motor cortex. Corticospinal excitability was monitored by transcranial magnetic stimulation-induced motor-evoked potential amplitudes. In smokers during nicotine withdrawal, facilitatory plasticity induced by tDCS and PAS was abolished, but restituted by nicotine. In contrast, excitability-diminishing plasticity was not affected by nicotine withdrawal. Under nicotine, the inhibitory aftereffects of PAS were delayed and prolonged, while the tDCS-generated excitability reduction was abolished. Thus, absent facilitatory plasticity in smokers during nicotine withdrawal is restituted by nicotine, favoring the deficit-compensating hypothesis of nicotine consumption. These results might shed further light on the proposed mechanism of nicotine on cognition and attention, which might be connected to nicotine addiction and probability of relapse in smokers.
Introduction
Nicotine is the most commonly used drug of abuse and is responsible for the addictive properties of tobacco smoking. Beyond the addictive component, nicotine has prominent effects on cognition. Studies in animals and nonsmoking humans have shown improvements in attention, working, and episodic memories (Hahn and Stolerman, 2002; Jubelt et al., 2008; Heishman et al., 2010) . In smokers, nicotine withdrawal leads to reduced verbal and working memory capacity, which could be partially replaced by nicotine replacement therapy (Jacobsen et al., 2005; Cole et al., 2010) . The basis of the functional effects of nicotine is still unclear, but might be linked to its impact on cortical excitability and neuroplasticity by affecting the nicotinic acetylcholine receptors (nAChR), which are ligand-gated cation channels. The calcium permeability of nAChRs is thought to be important for the central effects of nicotine (Burnashev, 1998; Dajas-Bailador and Wonnacott, 2004) , particularly for the induction and modulation of neuroplasticity (Lisman, 2001) . Beside the nAChRs, nicotine also affects the dopaminergic, adrenergic, serotonergic, glutamatergic, and GABAergic systems, all known to be involved in generating and modulating plasticity (Levin et al., 2006) . The impact of nicotine on plasticity has so far been mainly explored in animal experiments, especially in the hippocampus, where activation of nicotinic receptors leads to facilitation of long-term potentiation (LTP), both dependent and independent of NMDA receptor activation (Sawada et al., 1994; Huerta and Lisman, 1995; Matsuyama et al., 2000) . Studies exploring the nicotinergic effects on long-term depression (LTD) are rare. In rats, reversal of stress-induced impairment of LTD has been found (Aleisa et al., 2006) .
Recently, the impact of the cholinergic system and nicotinic receptors on cortical neuroplasticity has been explored in humans. For global cholinergic enhancement, it was shown that the cholinesterase inhibitor rivastigmine, as well as nicotinic receptor activation, enhanced or preserved focal, but abolished or reversed nonfocal facilitatory plasticity, thus resulting in a focusing effect Thirugnanasambandam et al., 2011) . This focusing effect on facilitatory plasticity might be relevant for the cognition-enhancing effect of cholinergic and nicotinergic agents. Facilitatory and inhibitory plasticity were induced by two noninvasive brain stimulation protocols, transcranial direct current stimulation (tDCS) Paulus, 2000, 2001) and paired associative stimulation (PAS) (Stefan et al., 2000) . Both protocols induce NMDA-and calcium channel-dependent plasticity (Stefan et al., 2002; Nitsche et al., 2003b Nitsche et al., , 2004 ; however, tDCS induces a nonselective kind of plasticity affecting most neu-rons situated under the large stimulation electrodes (Purpura and McMurtry, 1965; Nitsche et al., 2007) , while PAS-induced plasticity is thought to be restricted to synaptic connections between somatosensory and motor cortex neurons (Weise et al., 2006) .
The aim of our study was to examine the effect of nicotine withdrawal and nicotine administration on tDCS-and PASinduced LTP-and LTD-like aftereffects in otherwise healthy smoking subjects. We hypothesized that nicotine withdrawal would abolish plasticity, and exposition to the substance would restitute it, in accordance with the deficit-compensating hypothesis of nicotine consumption.
Materials and Methods
Subjects. Altogether, 48 healthy subjects participated in the study (28 male and 20 female). Twenty-four subjects received tDCS (anodal or cathodal) and 24 subjects received 10 or 25 ms of paired-associative stimulation (PAS10 or PAS25, respectively). Table 1 displays the subject characteristics for the different groups. Subjects were smokers with a cigarette consumption of at least 10 cigarettes a day for at least 10 years and a Fagerstrom score of at least 1 point, indicating a light degree of nicotine dependence. Since nicotine has a blood serum half-life of 2-3 h with an interindividual range between 1 and 4 h (Benowitz, 1996) , participants were not allowed to smoke 10 h (2 to 3 half-lives) before starting the experiments or during the experimental course to avoid nicotinic overdose with regard to the nicotine patch administration and heterogeneous nicotine levels due to uncontrolled cigarette smoking. Chronic and acute medical diseases or any history of neurological/psychiatric disease were excluded before entering the study, as was intake of chronic and acute medication. Pregnancy, family histories of epilepsy, presence of any metallic implant or cardiac pacemaker were ruled out. All subjects gave written informed consent before participating in the study. The experiments were approved by the local ethics committee and conformed to the principles laid down in the Declaration of Helsinki. Allocation of the subjects to the respective experimental conditions as well as order of sessions was randomized.
Transcranial direct current stimulation. Twenty-four subjects participated in the tDCS experiments. We used a battery-driven constant current stimulator (Schneider Electronics) with a maximum output of 2 mA. tDCS was administered via rubber electrodes covered by salinesoaked sponges (35 cm 2 ). One electrode was positioned over the motor cortex representational area of the right abductor digiti minimi muscle (ADM), the other electrode above the right orbit. All subjects received 1 mA of either anodal or cathodal stimulation for 13 min (anodal tDCS) or 9 min (cathodal tDCS), which had been demonstrated to induce cortical excitability enhancement or inhibition lasting for ϳ1 h after the end of stimulation (Nitsche and Paulus, 2001; Nitsche et al., 2003a) , combined with nicotine or placebo medication in different experimental sessions. Twelve subjects received anodal tDCS and 12 subjects received cathodal tDCS under both placebo and nicotine patch conditions. Paired associative stimulation. Twenty-four subjects participated in the PAS experiment. Peripheral nerve stimulation was delivered to the right ulnar nerve at the wrist level by a D185 multipulse stimulator (Digitimer) at an intensity of 300% of the sensory perceptual threshold, followed by single-pulse transcranial magnetic stimulation (TMS) applied with a stimulator output resulting in motor-evoked potentials (MEPs) of ϳ1 mV amplitude (baseline intensity; see Monitoring of cortical excitability, below). The paired pulses were repeated 90 times at a frequency of 0.05
Hz. This protocol induces long-lasting excitability changes in the motor cortex depending on the interstimulus interval (ISI). An ISI of 10 ms (PAS10) induces excitability diminution, whereas an ISI of 25 ms (PAS25) induces facilitation (Stefan et al., 2000; Wolters et al., 2003) . Twelve subjects received PAS10 and 12 subjects received PAS25 under placebo and nicotine conditions.
Monitoring of motor cortex excitability. TMS-elicited MEPs were recorded to measure excitability changes of the representational motor cortical area of the right ADM. Single-pulse TMS was conducted by a Magstim 200 magnetic stimulator at a frequency of 0.25 Hz with a figureof-eight coil (diameter of one winding, 70 mm; peak magnetic field, 2.2 T). The coil was held tangentially to the scalp at an angle of 45°to the sagittal plane with the coil handle pointing laterally and posterior. The optimal position was defined as the site where stimulation resulted consistently in the largest MEPs. Surface EMG was recorded from the right ADM with Ag-AgCl electrodes in a belly-tendon montage. The signals were amplified and filtered with a time constant of 10 ms and a low-pass filter of 2.5 kHz, then digitized at an analog-to-digital rate of 5 kHz and further relayed into a laboratory computer using the Signal software and CED 1401 hardware (Cambridge Electronic Design). The intensity was adjusted to elicit, on average, baseline MEPs of 1 mV peak-to-peak amplitude and was kept constant for the poststimulation excitability measures.
Pharmacological intervention. Each subject participated in two sessions in randomized order. Nicotine transdermal patches (30 cm 2 , containing 0.83 mg/cm 2 nicotine, releasing 15 mg nicotine over 16 h) or placebo patches were administered to all subjects in combination with one of the stimulation protocols (anodal tDCS, cathodal tDCS, PAS10, or PAS25). By this dosage of nicotine, physiologically and behaviorally relevant plasma levels are accomplished (Tønnesen et al., 1991; Thirugnanasambandam et al., 2011) . The patch was administered to the subjects 6 h before the start of the stimulation. This is the approximate time for the plasma level to reach its maximum following application of the patch (Nørregaard et al., 1992) . To keep plasma levels stable, the patch was retained until the end of the last measurements of the experiment on the evening of the second day.
Course of the experiment. Nicotine patch or placebo were adhered to the left upper arm and remained there until the end of the last measurement the following evening. Six hours after patch application, subjects were seated comfortably in a reclined chair with a headrest and armrests and asked to relax completely. EMG electrodes were placed at the right ADM as described above. Their exact position was marked with a pen. Then TMS was applied over the left representational area of the right ADM to determine the spot with the consistently highest MEPs in the resting ADM (optimal site), which was then marked with a pen. The TMS-intensity was adjusted to elicit MEP amplitudes of 1 mV (S1 mV). Twenty MEPs were recorded at this stimulus intensity and the mean MEP amplitude was calculated at baseline. One of the stimulation protocols, either tDCS or PAS, was administered, followed by immediate recording of at least 20 MEPs at the time points 0, 5, 10, 15, 20, 25, 30, 60, 90 , and 120 min. For the nicotine patch condition, measurements were also conducted the evening of the stimulation day and in the morning and evening of the day following the plasticity induction procedure. Sessions were conducted in randomized order, and an intersession interval of at least 1 week was obligatory to avoid interferences (Fig. 1) .
Data analysis and statistics. The individual means of the 20 MEP amplitudes recorded at each time point were calculated for all subjects. The postintervention mean MEP amplitudes from each subject were then normalized to the respective individual mean baseline MEP amplitude (quotient of postintervention vs preintervention MEP amplitudes). A repeated-measures ANOVA was performed on the normalized data. MEP amplitude was the dependent variable, including all time points up to 120 min after stimulation. Drug (nicotine vs placebo) and time points were included as within-subjects factors. Stimulation (anodal tDCS or cathodal tDCS; PAS10 or PAS25) served as between-subject factors. Mauchly's sphericity test was performed and Greenhouse-Geisser correction was applied when necessary. Conditional on significant results for the ANOVA, Student's t tests (paired samples, two-tailed, p Ͻ 0.05, not adjusted for multiple comparisons) were performed to compare the 
Nicotinergic impact on PAS-induced plasticity
As shown by the t tests, without nicotine, PAS25 elicited nearly no excitability alterations, whereas under nicotine, MEP amplitudes were significantly enhanced for Ͼ120 min after intervention (Fig. 2) . PAS10 without nicotine induced a significant excitability diminution lasting for 20 min after stimulation. Under nicotine, the inhibitory effects of PAS10 were trendwise reduced versus placebo medication, but then prolonged until the morning after plasticity induction.
Effect of nicotine on tDCS-induced plasticity
In the control condition without nicotine, anodal tDCS did not enhance MEP amplitudes significantly, while under nicotine, the stimulation-induced excitability enhancement was significant for up to 240 min post-tDCS. Cathodal tDCS stimulation under placebo medication induced a significant excitability diminution present for 60 min, whereas nicotine administration nearly abolished these aftereffects (Fig. 3) .
Comparison of neuroplastic effects of nicotine in smoking and nonsmoking subjects
To draw a comparison between smokers and nonsmokers, we conducted an overall ANOVA with the results of our smoking group and the result of a nonsmoking group whose data was previously published (Thirugnanasambandam et al., 2011) . The experimental procedure of the age-and gender-matched nonsmoking group was identical to our protocol. The overall ANOVA included all combinations of conditions for the smokers and nonsmokers groups and showed significant results for the MEP time points, stimulation, condition, and the respective interactions of group ϫ condition and group ϫ stimulation ϫ condition, the latter indicating significant differences between the smoking and nonsmoking groups for placebo and patch conditions. Consecutively, we conducted separate ANOVAs for all medication/stimulation conditions to evaluate intergroup differences. These ANOVAs revealed significant group differences for specific placebo/nicotine medication conditions and facilitatory plasticity-eliciting stimulation protocols (Table 3) . While in nonsmoking individuals, anodal tDCS and PAS25 induced a prominent motor cortex excitability enhancement without nicotine, in smokers, no facilitatory aftereffects were exhibited after stimulation. The respective intergroup differences were significant. Another significant intergroup difference exists for anodal tDCS under nicotine. Nicotine abolished anodal tDCS-induced nonfocal plasticity in nonsmokers, but reestablished compromised facilitatory plasticity in smokers. For PAS25, the nicotinic effects on excitatory aftereffects were similar in both groups, with reestab- Figure 1 . Experimental design. Each subject took part in two experimental sessions. At the beginning of the session, the subject received either placebo or nicotine patch (randomized). After 6 h baseline, motor cortical excitability was determined via TMSinduced MEP with an amplitude of ϳ1 mV over the cortical representational area of the right musculus ADM. One of the four excitability-inducing protocols (anodal atDCS, cathodal ctDCS, PAS10, PAS25) was then applied. Measurements started immediately after the application of the protocols and were conducted every 5 min for the first 30 min, then every 30 min up to minute 120 for both sessions. MEP amplitudes were also recorded the next morning and next evening for the nicotine patch sessions. lished facilitatory plasticity in smokers and prolonged focal plasticity in nonsmokers. For inhibitory plasticity, the intergroup differences are less prominent. Inhibitory plasticity was not largely affected by nicotine withdrawal in smokers, and was reduced or delayed by nicotine. Likewise, nicotine reduced or abolished inhibitory plasticity in nonsmokers. In conclusion, nicotine patch in nonsmokers leads to a focusing effect on facilitatory plasticity, because it abolished nonfocal tDCS-induced plasticity, but prolonged PAS-induced focal plasticity, whereas in smokers, it reestablishes tDCS and PAS-induced facilitatory plasticity.
Discussion
The results of the present study show that under nicotine withdrawal, facilitatory plasticity is absent in smokers regardless of the plasticity induction procedure (tDCS and PAS25), whereas inhibitory plasticity is largely unaltered. Nicotine exposition reestablishes compromised facilitatory plasticity in this subject group, again independent of the focality of the induction procedure. In contrast, nicotine results in a trendwise reduction of the amplitude of inhibitory plasticity compared with the nicotine withdrawal condition. However, for PAS-generated inhibitory plasticity, the duration of the effects seems to be prolonged. For facilitatory plasticity, the results under nicotine withdrawal and exposition differ strikingly from those obtained in a foregoing study of our group, where the effects of identical plasticity stimulation protocols were explored in a matched group of nonsmoking subjects (Thirugnanasambandam et al., 2011) . In nonsmokers, nicotine induced a focusing effect with prolongation of PAS25-induced excitatory aftereffects and abolishment of tDCS-induced excitatory aftereffects, while in smokers it reestablished lacking facilitatory plasticity of anodal tDCS and PAS25.
Interestingly, the results of the present study with regard to facilitatory plasticity are in principal accordance with those of another study, where cortical excitability of smokers under (somewhat shorter) nicotine withdrawal was compared with excitability in nonsmokers: smokers displayed deficient intracortical facilitation (Lang et al., 2008) .
Proposed mechanism of action nAChRs are widely distributed throughout the brain (Albuquerque et al., 2009) . Depending on subunit composition, the receptors exhibit different pharmacological and physiological properties. In the brain, the two major types of functional nAChRs are formed by the heteromeric assembly of ␣4␤2 and the homomeric ␣7 subunits (Jones et al., 1999) . Glutamatergic plas-A B Figure 2 . A, B, Nicotinergic impact on PAS-induced neuroplasticity. Shown are graphs with MEP standardized to the baseline on the y-axis plotted against different time points poststimulation on the x-axis. A, In smokers with placebo medication, PAS25-induced excitability enhancements were reduced, while nicotine led to a prominent facilitation lasting for 120 min after plasticity induction. B, In the placebo condition (squares), PAS10 was followed by a significant excitability diminution of 20 min. Nicotine administration (circles) delayed, but then prolonged the inhibitory effects of PAS10 until the morning after plasticity induction. Filled symbols indicate statistically significant deviations from baseline and asterisks indicate significant differences between the placebo medication and nicotine conditions (Student's t test, paired, two-tailed, p Ͻ 0.05). T, Time; b, baseline; nm, next morning; ne, next evening; plc, placebo. Baseline was MEP amplitude before begin of the stimulation protocols (standardized). Error bars indicate SEM. Figure 3 . A, B, Nicotinergic impact on tDCS-induced excitability changes. Shown are graphs with MEP standardized to the baseline on the y-axis plotted against different time points postintervention on the x-axis. A, Anodal tDCS in smokers under placebo medication does not lead to an enhancement of the size of MEP amplitudes. Nicotine restitutes the tDCS-generated facilitatory aftereffects that last for up to 240 min after tDCS. B, Under placebo medication, cathodal tDCS induced an excitability reduction lasting for 60 min after plasticity induction, while nicotine abolished the tDCS-derived excitability diminution. Filled symbols indicate statistically significant deviations from baseline and asterisks indicate significant differences between the control and nicotine conditions (Student's t test, paired, two-tailed, p Ͻ 0.05). T, Time; b, baseline; nm, next morning; ne, next evening; plc, placebo. Baseline was MEP amplitude before begin of the stimulation protocols (standardized). Error bars indicate SEM. ticity, as accomplished by tDCS and PAS, is thought to depend on enhancement of the intracellular calcium levels. Both the ␣7 subtype and ␣4␤2 receptor increase intracellular calcium levels and transmitter release by serving as presynaptic and postsynaptic ligand-gated calcium channels (Radcliffe and Dani, 1998; Fujii et al., 1999) . Nicotinic activation of these channels has been shown to induce LTP (Welsby et al., 2006) in rat dentate gyrus. In humans, studies probing the induction of LTP-like long-lasting plasticity have so far been restricted to the neocortex. Facilitatory plasticity-inducing protocols, namely PAS25 and anodal tDCS, result both in LTP-like plasticity that is dependent on NMDAreceptor and calcium channel activity (Stefan et al., 2002; Nitsche et al., 2003b Nitsche et al., , 2004 , and thus resembles the induction of hippocampal LTP, at least to some degree. Administration of nicotine in smokers might result in an increased calcium level via activation of nAChRs and in this way cause an enhancement of PAS25 and anodal tDCS-induced LTP-like aftereffects. A main difference in nonsmoking subjects is the fact that smokers under nicotine withdrawal did not develop any LTP-like plasticity at all after tDCS and PAS. Here, the desensitization of nAChRs, especially the ␣7 and ␤2*, might play a major role (Picciotto et al., 2008) . It has been shown that chronic nicotine consumption desensitizes nAChRs in different areas of the brain (Wooltorton et al., 2003) and that the duration of desensitization depends critically on the duration of nicotine exposure (Lester and Dani, 1994) . Therefore, it might be speculated that chronic smokers during nicotine withdrawal are not able to develop LTP-like plasticity due to deficient calcium influx, and that an enhancement of nicotine via nicotine patch administration overrides receptor desensitization, thus enabling a sufficiently large intracellular calcium increase to induce LTP-like effects by both stimulation techniques. This might also explain why the effects of nicotine on facilitatory plasticity differ in nonsmoking humans. The nonfocal tonic neuronal membrane depolarization accomplished by anodal tDCS, which should result in a relatively large calcium influx, might, together with the further enhancement of calcium influx via nicotinic receptor activation, result in intracellular calcium overflow. This will lead to a counter-regulation accomplished by activation of hyperpolarizing potassium channels, thus abolishing plasticity (Misonou et al., 2004) . In contrast, the synapse-specific effects of the PAS plasticity induction procedure might result in a relatively lower intraneuronal calcium concentration not sufficient to induce such a counter-regulation in the presence of nicotine in nonsmokers, and thus here nicotinic receptor activation will enhance the efficacy of plasticity induction. A similar calcium-dependent mechanism of action might apply for the effects of nicotine on excitability-diminishing plasticity in smokers and nonsmoking individuals. As compared with LTP, a minor enhancement of intracellular calcium suffices to induce LTD in animal experiments (Malenka and Bear, 2004 ). Between these low-level calcium enhancements needed to generate LTD, and high-level calcium increases sufficient to induce LTP, a no man's land exists, which induces no plasticity (Lisman, 2001) . It can be speculated that the calcium alterations accomplished by excitability-diminishing tDCS and PAS in smokers still suffice to induce inhibitory plasticity despite reduced calcium influx similar to the effects accomplished in nonsmokers. Intracellular calcium influx will then be enhanced by nicotine, and might drive the system into the no man's land of plasticity induction. This effect of nicotine might be somewhat weaker in smokers because of the nicotinic receptor desensitization.
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Although attractive, these proposed mechanisms of action are speculative at present and need to be experimentally tested in future.
General remarks
The results of our study demonstrate that nicotine withdrawal and nicotine itself influence neuroplasticity in smoking subjects prominently. Nicotine withdrawal of 10 h prevents the induction of LTP-like plasticity, and nicotine administration reestablishes absent plasticity, thus favoring the deficit-compensating hypothesis of nicotine consumption. Nicotine abstinence in nicotinedependent smokers is often associated with reduced working and verbal memory capacity compared with nonsmokers, while nicotine has been shown to improve attention, working, and longterm memories in animals and humans. From the results of the present study, it might be speculated that these effects of nicotine on cognition might at least partially be based on the respective alterations of plasticity, especially with regard to learning and memory formation. This potential connection should be explored directly in future studies. Studies exploring the impact of nicotinic receptor subtypes by pharmacological intervention or exploration of genetic differences between smoking and nonsmoking subjects might help to shed more light on the specific receptor mechanisms underlying these effects. Moreover, further work needs to be done concerning probable dose-dependent effects of nicotine, which have been shown previously to be of special importance for other neuromodulators, e.g., dopaminergic agents (Monte-Silva et al., 2010). 
Conclusion
The results of this study show that nicotine and nicotine withdrawal have a prominent impact on the formation of neuroplasticity in smoking subjects, the likely physiological basis of learning and memory formation. During nicotine withdrawal, facilitatory plasticity is abolished in tobacco smokers, but restituted by nicotine administration. These neurophysiological results support the deficit-compensating hypothesis of nicotine consumption. Moreover, this effect on neuroplasticity might also be relevant for starting nicotine consumption, addiction, and the high probability of relapse in heavy smokers. Further studies are needed to explore whether a priori differences in neuroplasticity between smokers and nonsmokers result in nicotine addiction, like has been postulated for schizophrenic patients, or are the result of nicotine addiction. With regard to the application of brain stimulation protocols, the results of our study show clearly that the activity of the nicotinergic system might affect the efficacy of plasticity-inducing procedures and thus needs to be critically taken into account in these kinds of studies.
Limiting conditions
Some limitation should be taken into account. One limitation of our study is the fact that we did not obtain blood levels or breath CO concentration to verify compliance of smoking subjects. However, since experiments began in the morning and smoking subjects were only moderately dependent on the Fagerstrom scale, it was realistic to rely on the statements of the subjects. Only smokers with a light nicotine dependency participated in the current study; heavily dependent smokers may show different results. Another limitation lies in the fact that we did not connect neurophysiologic results to cognitive functions directly. Because the effects of nicotine withdrawal and readministration in cognitive functions [improved working and verbal memory function after nicotine readministration (Atzori et al., 2008) ] imply an association between both outcome measurements, further studies need to verify this association directly.
